Abstract. The glucose sensitivity of bursting electrical activity and pulsatile insulin release from pancreatic islets was determined in absence of functional K ATP channels. Membrane potential, [Ca 2+ ] i and 5-HT/insulin release were measured by intracellular recording, fura-2 fluorescence and 5-HT amperometry, respectively. Single mouse islets, bathed in tolbutamide or glibenclamide and high extracellular Ca 2+ (Ca 2+ o ), displayed bursting activity and concomitant fast [Ca 2+ ] i and 5-HT/insulin oscillations. Sulphonylurea block of K ATP channel current was unaffected by raising Ca 2+ o . Raising glucose or α-ketoisocaproic acid (KIC) concentration from 3 to 30 mM increased spiking activity and burst plateau duration. Staurosporine did not impair glucose potentiation of electrical activity, ruling out the involvement of serine/ threonine kinases. Glucose enhanced both [Ca 2+ ] i and 5-HT/insulin oscillatory activity, causing a ~3-fold increase in overall 5-HT release rate. Cells lacking bursting activity in high Ca 2+ o and low glucose (or KIC) developed a pattern of intensified spiking in response to 11 mM glucose. It is concluded that β-cells exhibit graded oscillatory electrical and secretory responses to glucose in absence of functional K ATP channels. This suggests that, under physiological conditions, early glucose sensing may involve other channels besides the K ATP channel. PANCREATIC β-cells secrete insulin in response to glucose and, thus, play a pivotal role in glucose homeostasis. The initial triggering events are relatively well understood. The ATP-sensitive K + (K ATP ) channel, in particular, represents a crucial link between glucose metabolism and Ca 2+ entry. Increasing glucose concentration raises the cytosolic ATP/ADP ratio, closing K ATP channels and evoking the depolarization required to initiate electrical activity [1] . Employing intracellular Ca 2+ clamping techniques, an amplifying pathway (also known as K ATP channel-independent pathway) for Ca 2+ -dependent insulin release has been uncovered [2, 3] whose mediators remain elusive [4, 5] . β-Cells undergo cyclic changes in membrane potential, with Ca 2+ -dependent action potentials superimposed on the depolarized plateaus, the duration of which increases as glucose concentration is raised above threshold (~6-7 mM). Bursting electrical activity is matched by prominent fast oscillations of cytosolic free Ca 2+ concentration ([Ca 2+ ] i ) and insulin release (or insulin tracers such as 5-HT), measured at the single islet level [6] [7] [8] . Bursting electrical activity has also been recorded in vivo [9] , suggesting that oscilla-
PANCREATIC β-cells secrete insulin in response to glucose and, thus, play a pivotal role in glucose homeostasis. The initial triggering events are relatively well understood. The ATP-sensitive K + (K ATP ) channel, in particular, represents a crucial link between glucose metabolism and Ca 2+ entry. Increasing glucose concentration raises the cytosolic ATP/ADP ratio, closing K ATP channels and evoking the depolarization required to initiate electrical activity [1] . Employing intracellular Ca 2+ clamping techniques, an amplifying pathway (also known as K ATP channel-independent pathway) for Ca 2+ -dependent insulin release has been uncovered [2, 3] whose mediators remain elusive [4, 5] .
β-Cells undergo cyclic changes in membrane potential, with Ca 2+ -dependent action potentials superimposed on the depolarized plateaus, the duration of which increases as glucose concentration is raised above threshold (~6-7 mM). Bursting electrical activity is matched by prominent fast oscillations of cytosolic free Ca 2+ concentration ([Ca 2+ ] i ) and insulin release (or insulin tracers such as 5-HT), measured at the single islet level [6] [7] [8] . Bursting electrical activity has also been recorded in vivo [9] , suggesting that oscilla-tory insulin output from individual islets might be a fundamental determinant of plasma insulin pulsatility in spite of considerable frequency differences [8, 10] .
Stimulating islet β-cells with a voltage clamp command designed to mimic an islet burst activates a slowly developing K + current (I K,slow ) by a Ca 2+ -dependent mechanism [11, 12] . Whether K ATP channels might contribute to I K,slow is currently uncertain. Some authors [13] reported a tolbutamide-sensitive component of I K,slow which, however, was not observed in their former experiments [11] . Moreover, studies from other laboratories concluded that I K,slow was fully insensitive to tolbutamide [12] , and ascribed the current to activation of apamin-insensitive small-conductance K Ca (SK) channels [14] . Glucose appears to inhibit the component of I K,slow admittedly ascribed to K ATP channels [13, 15] , leading to the hypothesis that it might provide the hyperpolarizing current necessary to terminate the burst. Bursting electrical activity and underlying [Ca 2+ ] i oscillations are nonetheless present in mouse β-cells lacking the SUR1 gene [16] [17] [18] [19] , suggesting that channels distinct from the K ATP channel might account in part for physiological bursting and raising the possibility that they might mediate the graded electrical response to glucose. These channels may thus represent significant, albeit undervalued additional targets for glucose action downstream K ATP channel inhibition.
We have previously shown that bursting electrical activity can be evoked by a variety of experimental manoeuvres that stimulate Ca 2+ influx (e.g. raising [Ca 2+ ] o ) in presence of sulphonylureas [20] [21] [22] [23] . In this study, we used the sulphonylurea / high [Ca 2+ ] o paradigm to characterize the glucose sensitivity of bursting and pulsatile 5-HT/insulin release in absence of functional K ATP channels. We report that products of the mitochondrial metabolism of glucose or derived messengers interact with channels underlying bursting, intensifying Ca 2+ influx throughout an extended glucose concentration range. This translates into a graded secretory response to glucose in absence of functional K ATP channels.
Materials and Methods

Islet preparation and handling
Except for membrane potential measurements, mouse pancreatic islets were isolated by collagenase digestion, as described [24, 25] . Islets were subsequently maintained in culture for 24 hours prior to the experiments, as reported [25] . For microamperometric recordings, islets were first cultured in standard medium supplemented with 11 mM glucose (first 5-7 hours) and then in standard medium supplemented with 5.5 mM glucose + 1 mM 5-HT (remaining time). Fura-2 loading (4 μM fura-2/AM for 45 minutes at 37°C) was carried out as described [24, 25] . Fura-2 (or 5-HT)-loaded islets were transferred to a fast perifusion chamber placed on the stage of an inverted epifluorescence microscope, and subjected to perifusion at 37°C with a physiological salt solution containing (in mM): 120 NaCl, 5 KCl, 25 NaHCO 3 , 2.56 CaCl 2 , 1.1 MgCl 2 and glucose (concentration as required). This solution was constantly gassed with 95% O 2 /5% CO 2 for a pH of 7.4.
Intracellular recording
The membrane potential was recorded from microdissected islets using high-resistance (100-200 MΩ) glass microelectrodes, as reported [21, 26] . Briefly, the islets were pinned to the plastic bottom of a fast perifusion chamber through which salt solution (composition as above) flowed at a rate of 2 mL/minute at 37°C. The chamber was connected to ground through an agar bridge to minimize liquid junction potential variations due to changes in the ionic content of the solution.
Current recording
The perforated (nystatin) whole-cell patch-clamp technique was used to record total currents from isolated mouse β-cells, essentially as reported [27, 28] . Mouse islets were dispersed into isolated cells by trypsin digestion and cultured for 2-5 days, as reported [25] . All cells had a baseline capacitance >5.5 pF, as reported for β-cells [29] . Patch pipettes were filled with a solution containing (in mM): 63. was recorded from single fura-2-loaded islets using a dual-excitation microfluorescence system, as described [24, 25] . Briefly, fura-2 was excited at 340 and 380 nm via two monochromators and the fluorescence was detected by a photomultiplier, after passing through a band-pass interference filter centered at 510 nm. The data were corrected for background fluorescence and acquired at 10 Hz by a computer. The fluorescence ratio F 340 /F 380 was converted into [Ca 2+ ] i values as described [25] .
5-HT release
Release of pre-loaded 5-HT was monitored amperometrically using beveled glass-encased carbon fiber microelectrodes implanted in a single islet, as described [8, 30] . Briefly, amperometric currents were measured using a pico-amperometer with the working electrode held at +0.55 V vs. Ag/AgCl. Currents were low-pass filtered (cut-off frequency 100 Hz), amplified 10× and stored on digital tape. Current recordings were initiated after 20-25 minutes had elapsed from the moment of insertion to allow full stabilization of electrode responses in situ [8] . Integral charge was determined as the time integral of the amperometric current, after subtraction of the respective background area.
Materials
Collagenase (type P) and staurosporine were purchased from Boehringer Mannheim Biochemicals (Mannheim, Germany). Fura-2/AM was from Molecular Probes (Eugene, OR, USA). All other chemicals were from Sigma Chemical Co. (St. Louis, MO, USA) or Merck (Darmstadt, Germany).
Statistical analysis
Results are expressed as mean ± s.d. (main text) or mean ± s.e.m. (figures). Statistical significance of differences between mean values was assessed by either one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test or paired Student's t-test, as appropriate (confidence level 95%).
Results
Lowering glucose concentration from 11 to 3 mM hyperpolarized the β-cell and suppressed bursting electrical activity (Fig. 1A) . Addition of 500 μM tolbutamide depolarized the cell and evoked continuous electrical activity. Raising the [Ca 2+ ] o from 2.56 to 12.8 mM in the continued presence of tolbutamide and 3 mM glucose recovered a phasic pattern of electrical activity in a high proportion of the cells tested (9 of 12 cells; Fig. 1A ). Raising the [Ca 2+ ] o to lower levels is not enough to counteract the depolarizing action of sulphonylureas, as previously reported [21] . We have examined the glucose sensitivity of bursting by raising its concentration stepwise, at 15 minute intervals, in the continued presence of tolbutamide and high Fig. 1B depicts traces of electrical activity obtained at the steady-state (last 3 minutes) of each glucose concentration tested. Raising glucose from 3 to 11 mM increased burst plateau duration by approximately 70% and slightly hyperpolarized (~4 mV) the β-cell at the inter-burst interval. The plateau potential remained essentially unchanged. Raising glucose to 30 mM increased plateau duration further while leaving practically unaffected the inter-burst interval. Similar effects were obtained replacing tolbutamide for 5 μM glibenclamide.
Fig . 1C shows the group data. Glucose increased plateau duration in a dose-dependent fashion (leftmost plot). Moreover, raising glucose from 3 to 11 mM decreased the inter-burst interval in most experiments (not statistically significant as a whole; second plot from left). Consequently, glucose increased the average relative time spent at the burst plateau phase in a dose-dependent fashion (second plot from right). On average, raising glucose from 3 to 30 mM increased fractional active phase duration from ca. 0.3 to 0.55, an 83% change. High glucose did not evoke continuous spiking activity in presence of sulphonylurea and high [Ca 2+ ] o in any of the cells tested, a situation generally found in presence of regular extracellular Ca 2+ and absence of sulphonylurea [26] . Fig. 1C (rightmost plot) pools average spike frequency data from several experiments exhibiting overt spiking activity in 3 mM glucose, sulphonylurea and high [Ca 2+ ] o . Glucose increased spike frequency in a dose-dependent fashion. Instantaneous spike frequency decayed along each burst; glucose increased markedly the respective time to half-decay (2.0, 3.3 and 4.2 seconds for 3, 11 and 30 mM glucose, respectively). Compared to 3 mM glucose, spike amplitude was also generally higher (~3-5 mV) at 11 or 30 mM glucose.
Single mouse β-cells were voltage-clamped at -70 mV and subjected to repetitive ± 10 mV pulses in 3 mM glucose. Tolbutamide decreased total current and reduced the voltage-evoked currents by 71 ± 7% (n = 8 cells), as illustrated in Fig. 1D o caused 7 mV rightward shifts of the I-V curves above -20 mV. This is consistent with enhanced charge screening of anionic sites on the outer aspect of the cell membrane, leading to a reduction of voltage-sensitive K + currents.
binding site by either charge screening of anionic sites on the outer aspect of the cell membrane, raised [Ca 2+ ] i or some other unwanted effect.
Figs. 2A and 2B (upper traces) illustrate the acute effects of raising glucose from 3 to 11 mM on bursting electrical activity and whole islet [Ca 2+ ] i . Glucose suppressed the electrical activity by 4.0 ± 0.6 minutes (n = 4 islets) and hyperpolarized the β-cell below the inter-burst potential by 9 ± 2 mV (see Fig. 2A , upper trace). This was the mirror image of the prototypical effect observed under standard conditions (i.e. 2.56 mM Ca 2+ and no sulphonylurea; Fig. 2A 60 nM lasting 4 ± 1 minutes (n = 11 islets; see Fig.  2B , upper trace). The latter was again the mirror image of the prototypical effect under standard conditions (i.e. a sharp transition to a high Ca 2+ level; Fig.  2B , lower trace). The short-term stimulatory actions of glucose on both membrane potential and [Ca 2+ ] i reflect closure of K ATP channels. Therefore, the contrasting effects recorded in presence of sulphonylurea and high [Ca 2+ ] o provided a further internal control for the absence of functional K ATP channels. Fig. 2C shows that neither the immediate nor the sustained effects of glucose originated from activation of serine/threonine protein kinases. Indeed, islets treated with 1 μM staurosporine, a general inhibitor of these kinases [31] , exhibited a robust transient hyperpolarization upon exposure to 30 mM glucose in presence of sulphonylurea and high [Ca 2+ ] o ; likewise, staurosporine did not affect the sustained stimulatory effect of glucose on bursting electrical activity (Fig.  2C, plot) . Islets displayed a similar insensitivity to 100 μM Rp-cAMPS, a specific competitive inhibitor of protein kinase A (PKA) that resembles endogenous cAMP [32] (data not shown).
α-Ketoisocaproic acid (KIC), the transamination product of leucine, bypasses glycolysis and is directly metabolized by the mitochondria to α-ketoglutarate and acetyl-CoA, which may serve as precursors for anaplerosis and substrates for energy production in β-cells [33] . As shown in Fig. 3A (leftmost trace), islets displayed membrane potential oscillations in presence of tolbutamide, high [Ca 2+ ] o and 3 mM KIC. Raising KIC concentration stepwise from 3 to 30 mM increased burst plateau duration and decreased the interburst interval in a glucose-like manner. Contrary to glucose the highest KIC concentration used (30 mM) turned the bursting mode into a tonic firing pattern (Fig. 3A, rightmost trace) . Fig. 3B shows the group data. KIC (30 mM) increased fractional active phase duration by ca. 100%. Raising KIC from 3 to 11 mM increased average spike frequency, an effect that nonetheless lacked statistical significance and appeared to have become attenuated at 30 mM KIC, presumably as a consequence of the slower and longer action potentials that are typically recorded under continuous spike firing. Exposing the islets to high KIC did not evoke the characteristic short-term inhibitory effect of glucose (data not shown).
Figs. 1 and 2 are representative of cells which developed bursting electrical activity when challenged with high Ca 2+ in presence of sulphonylurea and 3 mM glucose. However, a fraction of the cells (ca. 25%) did not exhibit bursting under these conditions. As shown in Fig. 4A , non-oscillating cells typically exhibited low amplitude (<5 mV) spikes firing from a membrane potential of about -30 mV. The [Ca 2+ ] i counterpart of islets lacking bursting activity was a complete lack of [Ca 2+ ] i oscillations (data not shown). Raising glucose from 3 to 11 mM either markedly enhanced the electrical activity at a sustained plateau (Fig. 4A, islet 2) or triggered a bursting pattern, with overt spikes firing from a plateau potential close to that in 3 mM glucose (islet 1). Irrespectively of the response pattern, spike amplitude in 11 mM glucose was clearly augmented. Raising glucose concentration stepwise also had marked effects on 5-HT/insulin release in presence of tolbutamide and high [Ca 2+ ] o . 5-HT release was monitored amperometrically using carbon fiber microelectrodes implanted in single preloaded islets. Adding tolbutamide in presence of 3 mM glucose increased steeply the amperometric current arising from 5-HT oxidation at the surface of the electrode (data not shown). Raising the [Ca 2+ ] o from 2.56 to 12.8 mM evoked a pattern of oscillatory 5-HT release (leftmost portion of the trace in Fig. 5C ) resembling that evoked by glucose under standard conditions [30] . Importantly, raising glucose concentration stepwise in the range 3-30 mM caused successive increments in the amount of 5-HT released per oscillation at the steady-state, as evidenced by an increase in both amplitude and duration of the individual oscillations (trace in Fig. 5C ). This resulted in a dose-dependent increase in the lacking bursting electrical activity in low glucose or KIC. Glucose (A) or α-ketoisocaproic acid (KIC) concentration (B) was raised from 3 to 11 mM as denoted by the step bars, in the continued presence of 12.8 mM Ca 2+ and 500 μM tolbutamide. The traces labelled "islet 1" and "islet 3" are representative of experiments where raising glucose or KIC concentration evoked a bursting pattern of electrical activity (4 islets). The traces labelled "islet 2" and "islet 4" are representative of experiments where raising glucose or KIC concentration enhanced spiking activity without affecting the inter-spike membrane potential (3 islets).
charge produced per oscillation, a measure of the amount of 5-HT released per oscillation (Fig. 5C , leftmost plot). The overall 5-HT secretory rate at the steady-state, estimated as the product of average charge produced per oscillation and oscillatory frequency, increased with glucose in a dose-dependent fashion (third plot from left). Stimulation of pulsatile 5-HT release was often preceded by transient periods with no 5-HT activity.
Discussion
We show that, in absence of functional K ATP channels, glucose mimics to a large extent the membrane potential effects observed under regular physiological conditions. Indeed, glucose increases in a dose-dependent fashion burst plateau duration, spike frequency and the duration of the associated [Ca 2+ ] i oscillations. This translates into a dose-dependent enhancement of pulsatile 5-HT/insulin release. Thus, our results indicate that other ion channels besides the K ATP channel are prone to regulation by products of glucose metabolism or related messengers, and suggest that this regulation might contribute to the graded physiological response to glucose. KIC bypasses glycolysis and feeds directly the TCA cycle. We found that KIC mimics largely the stimulatory effect of glucose in absence of functional K ATP channels, indicating that the regulatory signals originate from mitochondria. Besides stimulating ATP production both the keto-acid and glucose inhibit β-oxidation via anaplerotic generation of malonyl-CoA, probably raising cytosolic long-chain acyl-CoA levels and stimulating complex lipid formation including diacylglycerols [34] . It would seem therefore plausible that cPKC and/or nPKC might be involved in the stimulatory action of glucose reported in this study. Neither PKC nor other serine/threonine protein kinases are however involved, as indicated by the lack of effect of staurosporine and Rp-cAMPS.
Cells displaying incipient spiking and lacking bursting activity in high Ca 2+ o and low glucose (or KIC) developed a pattern of intensified continuous spiking or bursting in response to 11 mM glucose. This strongly suggests that glucose enhances voltage-sensitive Ca 2+ channel activity, in agreement with previous studies on voltage-clamped mouse β-cells [35, 36] and insulinsecreting RINm5F cells [37] . Also significantly, glucose-induced [Ca 2+ ] i rises recorded from SUR1 knockout mouse islets are strictly dependent on Ca 2+ o and mediated by dihydropyridine-sensitive Ca 2+ channels [19] . Moreover, the mitochondrial poison azide inhibits both L-type Ca 2+ currents in normal β-cells [38] and spiking activity in depolarized SUR(-/-) β-cells [16] . Ca V 1 channels are the prevailing high-voltage activated Ca 2+ channels mediating fast Ca 2+ signaling and insulin exocytosis [39, 40] . It is well established that activation of these channels accounts for the initial outburst of Ca 2+ influx and insulin release (first phase), in response to K ATP channel inhibition and membrane depolarization. Based in our findings, we hypothesize that up-regulation of Ca V 1 channels by glucose metabolism may lengthen the burst plateau phase, thus providing a mechanism for the fine tuning of oscillatory Ca 2+ influx along the second phase of glucose-induced insulin secretion. We note that phosphorylation-independent regulation of L-type Ca 2+ channels by either ATP, MgATP or Mg 2+ has been demonstrated in cardiac myocytes and other cell types [41] [42] [43] [44] [45] , including cells expressing cloned Ca V 1.2 channels [46] .
Delayed rectifier K + (Kv) channels, notably Kv2.1, have received considerable attention in recent years as potential regulators of glucose-induced electrical activity and insulin secretion, owing to the fact that they provide most of the outward current that mediates spike repolarization in β-cells and, thus, play an important role in limiting Ca 2+ influx along an action potential [47] . Two gut-derived hormones, ghrelin and glucagon-like peptide-1, were recently found to regulate Kv channel currents through mechanisms involving G-proteins and, at least for GLP-1, the cAMP/PKA signaling system [48, 49] . Since glucose increases intracellular cAMP levels slightly, nucleotide-mediated inhibition of these currents might conceivably enhance β-cell excitability and therefore contribute to the stimulatory effect of glucose reported here. However, this hypothesis is not supported by the negative effects of staurosporine and Rp-cAMPS (see above).
It should be pointed out that tolbutamide evokes continuous spike firing in presence of medium-high glucose and regular extracellular Ca 2+ . This would be consistent with the idea that a fraction of K ATP channels is active under these conditions, either because the glucose-induced increase in the cytosolic ATP/ADP ratio might be insufficient to close all channels or because enhanced Ca 2+ -ATPase activity might lower ATP levels at the sub-membrane region. Thus, residual K ATP channel current may play a role in the feedback loop relating other hyperpolarizing currents and Ca 2+ current, permitting physiological bursting at regular external Ca 2+ .
Elucidating the nature of the hyperpolarizing currents that may account for the burst silent phase was clearly not an objective of the present study. We note however that, although other studies have considered different putative pacemaker channels (e.g. large-and small-conductance K Ca channels), the proposed mechanisms remain elusive [50] . For example, the largeconductance K Ca channel, a long-held candidate to a "burster" channel in β-cells, can only be activated at membrane potentials above the burst plateau potential; further, specific blockade of this channel does not affect bursting electrical activity [51] . More recent studies indicate that hyperpolarization-activated cyclic nucleotide-modulated (HCN) channels, responsible for cardiac pacemaking, also do not seem to be involved in β-cell bursting [52] .
In summary, we conclude that β-cells exhibit graded oscillatory electrical and secretory responses to glucose in absence of functional K ATP channels. Voltagesensitive Ca 2+ channels may act as supplementary sensors of metabolic energy, emphasizing the need to investigate in depth the mechanisms underlying bursting electrical activity. The K ATP channel-independent system used in this study may represent a practical and valuable model to foster research in this area.
